Using substituted poly(norbomenes), we have developed an etch-resistant, high resolution single layer 193nm positive resist. This paper describes the optical absorption properties, oxide-etch characteristics and resolution capabilities of such a first generation IBM resist.
Introduction
The intense drive towards fabricating integrated circuits with increasingly dense packed features of ever shrinking dimensions has placed severe demands on optical lithography. Because of recent advances in the design and development of chemically amplified photoresist materials, high power excimer lasers (KrF) and superior optics, 248nm single layer lithography has now become a viable manufacturing technology to print sub 0.18 tm features. While many alternatives such as bilayer and top-surface imaging approaches are being considered to extend the 248nm optical lithography to define much smaller features, ArF excimer laser (X = 193nm) lithography has been proposed as a potential technology for manufacturing devices with <0.15 tm ground rules.
There are a number of fundamental challenges in designing photoresist materials for 193nm lithography. Among them, the electronic absorption characteristics at 193nm is the most crucial one since this property essentially dictates the interaction of light with the resist material in thin-films (The preferred optical density per micron of a typical resist film is about 0.4). Another important challenge lies in the reactive-ion-etch (RIE) stability of the resist. The rate at which the resist gets etched in the reactive-ion chamber determines its ability to transfer the mask pattern into the oxide-layer. Since RIE rates depend on both resist materials and the nature of etch processes and conditions, this issue has to be addressed from the very beginning of selection of polymers for lithography. Besides optical transparency and reactive-ion-etch stability, the photoresist materials must satisfy a host of requirements to achieve the desired sensitivity and sub 0.15 tm resolution (low k-factor, a resist processing parameter).
Since the existing I-line and 248nm materials are completely opaque at 193nm, there is a need to look for totally new materials with desired optical transparency and etch characteristics.
During the last few years, researchers in this field have exploited several classes of new polymers for use in 193nm lithography [1] [2] [3] [4] [5] [6] . These are functionalized poly(acrylates), alternating polymers of cyclicolefin and maleic anhydride, and homopolymers of cyclicolefins. With appropriate functionalities, each one of these classes has been shown to possess lithographic potential at 193nm wavelength. However, lack of complete development of these platforms limits our ability to draw conclusions on their use in manufacturing devices.
In this study, we compared etch characteristics of all the three platforms and identified that poly(cyclicolefins) possess superior etch characteristics. Based on the etch stability data and absorption characteristics, we have designed and developed IBM's first generation semiconductor resist based on poly(cyclicolefins). In this paper, we report the polymerization method, optical density, resist contrast, etch characteristics, resolution (1:1 and 1:1.5 lines/spaces and isolated lines), RIE characteristics.
Polymers Studied
Polymers studied in this work are presented in Scheme 1. Poly(styrene), and poly (4-hydroxystyrene) were investigated to determine the role of polar hydroxy group on etch stability. Homopolymers of ethyl -norbomene and alternating polymers of norbornene and maleic anhydride were designed to study the role of anhydride component on RIE rates. The corresponding t-butylester derivatives, namely, homopolymers of norbornene-t-butylester and alternating polymer of norbornene-t-butylester and maleic anhydride were designed to understand the effect of commonly employed acid labile functionality used in the resist development. Since considerable amount of lithographic results have been reported by many researchers using poly(acrylate) backbones, we have included poly(methylmethacrylate) as a representative entity. In our resist development, we have designed a new class of cyclicolefin polymers derived from polymerization of norbornene-t-butylester in combination with norbornenes functionalized with other polar and base soluble functional groups.
Homopolymers of functionalized poly-(norbornenes) and alternating polymers of functionalized norbornenes and maleic anhydride were synthesized following the usual addition and free-radical polymerization methods, respectively. The rest of the polymers studied here were commercially available.
Reactive-Ion-Etch Studies:
Thin films (thickness range: 4000A -7000A) of polymers 1-7 were prepared by dissolving them in propylene glycol monomethyl ether acetate (solvent xylene was used to prepare a solution of homopolymer of ethylnorbornene), spin coating on 8" silicon wafers and soft baking at 130°C. Film thickness was measured before and after RIE processing by employing the appropriate optical constants (n and k values).
RIE studies were carried out with AMAT P5000 MxP M-Chuck tool under oxide-etch process conditions using fluoride chemistry (90s, CF4, CHF3, 1OAr). Etch times were chosen such that approximately 1500A of novolac type polymers would be removed during the course of the oxide-etch. All the polymers were etched under the same conditions in a single RIE experiment to minimize the errors associated with tools and conditions.
The RIE rates were discerned from the thickness measurements, and the data presented in Table 1 is relative to Novolac (N) resin. Several trends may be noticed from this data: 1) homopolymers of styrene and norbornene etch at a slower rate than novolac resin (RIE rates of polymers 1 and 2: 0.9 x N).
Several trends may be noticed from this data: 1) homopolymers of styrene and norbornene etch at a slower rate than novolac resin (RIE rates of polymers 1 and 2: 0.9 x N). 2) homopolymers of ethylnorbornene possess greater etch stability than alternating polymers derived from norbornene and malefic anhydride (e.g., RIE rates of polymers 2 and 3: 0.9 x N and 1.3 x N, respectively), 3) presence of polar functional groups increases the etch rates in all classes of polymers (e.g., RIE rates of polymers 1 and 4: 0.9 x N and 1.1 x N, respectively), 4) acid-labile functional groups (such as t-butylester) significantly lower the etch stability (e.g., RIE rates of polymers 2 and 5: 0.9 x N and 1.23 x N, respectively) and 5) poly(methylmethacrylate) possesses the lowest etch stability (1.5 x N.) among all the materials studied. The RIE rate data convincingly demonstrate that the addition polymers obtained from norbornene and its derivatives possess superior oxide-etch stability relative to other 193nm polymers (such as alternating polymers of cyclicolefins and malefic anhydride and polyacrylates) discussed here. Since etch rates are also dependent on the nature of side chains and the functional groups present in them, the RIE stability of the maleic anhydride 
Resist Characteristics
From the experimental RIE data obtained for several polymers that have been considered for 193nm resist technology, it is rather clear that poly(norbomenes) derived from addition polymerization method will probably meet the strict requirements imposed by the device design. With this rationale, we have designed and developed the first generation IBM 193nm photoresist based on poly(norbomenes). In our polymer design, we used homopolymer of norbomene-t-butylester as a starting composition in the development of the photoresist. Our optimized composition is based on diluting and modifying the t-butylester functionality with other polar and base soluble groups. Such modifications were necessary to address the resist development issues such as adhesion to the substrate, wettability toward the aqueous base developer, RIE stability, polymer glass transition temperatures and polymer and resist dissolution properties (Rmax and Rmin).
Optimized poly(norbornene) compositions were formulated with commonly available photoacid generators such as onium salts in propylene glycol monomethyl ether acetate solvent. This section describes properties of these formulations such as optical density @l93nrn (Figure 1 ), resist contrast ( Figure 2 ) and resist etch characteristics ( Figure  3) .
The optical density at 193nm wavelength was measured on 4000A thick films of cyclicolefin polymer and the corresponding resist using Cary 400 spectrometer. The optical density per micron is plotted against increasing bake temperatures. From this, it is clear that, O.D./micron for the polymer and resist are about 0.25 and 0.5 8, respectively. Another important observation is that both polymer and resist optical densities are fairly constant at various bake temperatures. This indicates that neither solvent evaporation nor polymer densification contributes to the O.D. to a noticeable extent. The resist absorption is approximately 50% higher than that of a typical state-of-the-art 248nm photoresist. However, since the target resist thickness of 193nm lithographic experiment is about 4000A, the observed O.D./micron may not be of any significant concern. Figure 2 shows the resist contrast obtained from 193nm exposures. Resist films were processed using 130°C (60s) soft bake temperature and 150°C(90s) post exposure bake temperature and developed with 0.263N TMAH developer for 60s. From the figure, it is clear that the resist is sensitive (Eo 8 mJ/cm2) and the dissolution rate of unexposed rate is less than 1 A/s., and the resist contrast is fairly comparable to that of well-studied 248nm photoresists.
Since it is well known that RIE behavior of polymers is different from that of formulated resists, we have examined the RIE rates of 193nm cyclicolefin resist, a standard 248nm resist (APEX) and one of the early acrylate based 193nm resists, commonly referred to as IBM-V2 resist, under identical oxide-etch conditions. The data plotted in Figure 3 clearly indicates that cyclicolefin resists possess better etch stability than APEX and V2-resists.
Lithographic Performance
Cyclicolefin polymer based resist films were spin-coated on anti reflective material (840A of An 9, GO, XP96585) applied silicon wafers, exposed under conventional illumination conditions (193nm ISI stepper, 0.6NA, 0.76), processed(soft bake temperature: 130°C, 60s; post exposure bake temperature: 150°C, 90s) and developed (0.263N TMAH, 60s, single puddle) as described above. The SEM cross sectional data shown in Figures 4-7 illustrate the resolution capabilities of the IBM's 193nm first generation cyclicolefin resist. Figure 4 illustrates the masking linearity for 1:1 L/S, 1:1.5 L/S and isolated lines. The lack of scumming and/or residues between the adjacent photoresist features clearly show the clean development of the exposed resist in 0.263N TMAH developer. The resist demonstrates masking linearity up to 14Onm for 1:1 L/S, 12Onm for 1:1.5 L/S and 12Onm for isolated features. The exposure latitude data for 1:1 L/S is presented in Fig. 5 . The data show an exposure latitude of >20% for 16Onm L/S, >15% for 15Onm L/S and >10% for 14Onm L/S. While the exposure latitude is conspicuously smaller for 13Onm L/S, the clean development of 13Onm features at Es;Ze clearly demonstrates the resolution capabilities of our first generation cyclicolefin resist.
While achieving depth-of focus (DOF) of >0.5 µm has been an issue for many 193nm resist platforms, our recent formulation optimizations have resulted in 0.7 tm and 0.5 µm DOF for 15Onm and 13Onm 1:1 L/S, respectively ( Fig. 6a and 6b) . We have aslo shown that the use of resolution enhancement techniques such as the alternating phase shift mask (PSM) with annular illumination (0.7 6, 0.4 6) conditions, the dense line (1:1) resolution can be extended to 1 l Onm (Fig. 7) .
Summary and Conclusions
We have designed and developed the first generation 193nm semiconductor resist based on functionalized poly(norbornenes). Using experimental RIE (oxide-etch) data, we have convincingly demonstrated the superior etch stability of poly(norbornenes) relative to other competitive 193nm polymer platforms such as anhydride containing alternating copolymers and poly(acrylates). The poly(norbornene) based resists etch at 15% lower rate than APEX, the standard 248nm resist. The resolution achieved with ISI 193nm stepper (O.6NA, 0.7 6, COG) is as follows: resolution with process window for 1:1 L/S and 1:5 L/S is 13onm and 120nm, respectively. We have also shown the dense line resolution can be further extended yo l0onm with the use of resolution enhancment techniques such as alternating PSM.
